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ZKLOHWKHQXPEHURILQVHFWLFLGDODSSOLFDWLRQVZDVUHGXFHGWKH\ZHUHVWLOOQHHGHG
6QRGJUDVVHWDO .LOOLQJVSULQJKRVWVPD\DOVRKDYHQRQWDUJHWHIIHFWVDVLW
PD\UHGXFHQDWXUDOHQHP\GHQVLWLHV2WKHUVWXGLHVKDYHHYDOXDWHGWUDSFURSVLQFRWWRQ
6HYDFKHULDQDQG6WHUQ DQGVWUDZEHUU\ (DVWHUEURRNDQG7RROH\6ZH]H\HW
DO ZLWKVRPHHIILFDFLHVGHPRQVWUDWHG7KHVHVWXGLHVVKRZHGHIIHFWLYHXVHRI




DOIDOIDDVDWUDSFURSWRPDQDJH/\JXVLQFRWWRQDQGVWUDZEHUULHV(IIRUWVWRHVWDEOLVK
ELRORJLFDOFRQWURODJHQWVIRUWDUQLVKHGSODQWEXJKDYHQRWEHHQVXFFHVVIXOLQFRWWRQ
EHFDXVHRIDQDEVHQFHRIIDYRUDEOHQRQFURSKDELWDWV2QHVWXG\LQGLFDWHGWKDWWKHIORUDO
UHVRXUFHVRIVRPHQRQFURSSODQWVWKDWVHUYHDVLPSRUWDQWUHSURGXFWLYHKRVWVIRU/
OLQHRODULVRIIHUOLWWOHRUQREHQHILWWR$QDSKHVLROH*LUDXOWDK\PHQRSWHUDQHJJSDUDVLWRLG
RI/OLQHRODULV :LOOLDPVDQG+HQGUL[ 2WKHUVWXGLHVLQGLFDWHWKDW$QDSKHVLROH
UHOHDVHVLQWHJUDWHGZLWKFHUWDLQSHVWLFLGHSURJUDPVFDQEHXVHGWRFRQWURO/KHVSHUXVLQ
VWUDZEHUU\ILHOGWULDOVLQ&DOLIRUQLD 8GD\DJLULHWDO 3HULVWHQXVVSSDQ\PSKDO
SDUDVLWRLGRI/OLQHRODULVLPSRUWHGIURP(XURSHKDVEHHQVXFFHVVIXOO\HVWDEOLVKHGLQWKH
8QLWHG6WDWHVDQGKDVEHHQVKRZQWRVXSSUHVV/OLQHRODULVYHU\HIIHFWLYHO\LQVWUDZEHUU\
'D\HWDO7LOPRQDQG+RIIPDQQ +RZHYHUELRFRQWUROHIIRUWVLQ0LVVLVVLSSL
KDYHQRWEHHQDEOHWRUHDFKWKHOHYHORISDUDVLWL]DWLRQQHHGHGWRHIIHFWLYHO\VXSSUHVV
WDUQLVKHGSODQWEXJGHQVLWLHVLQFRWWRQ 6QRGJUDVVDQG)D\DG 3UHGDWRUVVXFKDV
2ULXVLQVLGLRVXV*HRFRULVSXQFWLSHVDQG&KU\VRSHUODDUHFRPPHUFLDOO\DYDLODEOHDQG
DUHNQRZQWRIHHGRQWDUQLVKHGSODQWEXJHJJVDQGQ\PSKV+RZHYHUDXJPHQWLQJ
SUHGDWRUSRSXODWLRQVLQFRWWRQZRXOGEHFRVWSURKLELWLYH 6PLWKDQG1RUGOXQG 
)XQJDOSDWKRJHQVIRUWDUQLVKHGSODQWEXJVDUHDQRWKHUVRXUFHRIELRORJLFDOFRQWURODJHQWV
WKDWFRXOGSURYLGHELRORJLFDOFRQWURORIWDUQLVKHGSODQWEXJV%HDXYHULDEDVVLDQDKDV
EHHQWKHPRVWVWXGLHGIXQJDOSDWKRJHQDQGKDVEHHQIRXQGWREHWKHPRVWVXFFHVVIXO
IXQJDOSDWKRJHQDJDLQVWWDUQLVKHGSODQWEXJVDQGZHVWHUQWDUQLVKHGSODQWEXJV,WKDV
EHHQXVHGFRPPHUFLDOO\LQVHYHUDOFURSV\VWHPVDQGODQGVFDSHV /LXHWDO
0D]UD DZLHWDO0F*XLUHHWDO6DEEDKLHWDO +RZHYHUXVLQJ%
EDVVLDQDRQDODUJHVFDOHLQKRWFRWWRQILHOGVPD\QRWEHHFRQRPLFDOO\IHDVLEOH+RVW




SODQWUHVLVWDQFHKDVDOVREHHQH[SORUHGIRUWDUQLVKHGSODQWEXJFRQWURO$JHQHWLFDOO\
PRGLILHGVWUDZEHUU\YDULHW\)UDJDULDYLUJLQLDQDUHVLVWVWDUQLVKHGSODQWEXJ 'DOHHWDO
 .HQQHG\HWDO  VKRZHGWKDWVXSHURNUDW\SHFRWWRQYDULHWLHVSURGXFHGWKH
EHVWUHVSRQVHWRH[RJHQRXVFKHPLFDODEVFLVVLRQRIVTXDUHVDQGWKHJUHDWHVWFKDQFHRI
UHFRYHU\IURPHDUO\VHDVRQLQVHFWSUHVVXUH&OHIWVKDSHGRNUDOHDIW\SHVRIIHUHG
DGYDQWDJHVRYHUQRUPDOOHDILVROLQHVVXFKDVHDUOLHUPDWXULW\$QRWKHUH[SHULPHQW
VKRZHGPL[HGUHVSRQVHVZKHUHDQRNUDOHDIYDULHW\VRPHWLPHVVKRZHGEHWWHU\LHOGEXWDW
RWKHUWLPHVVKRZHGDORZHU\LHOGFRPSDUHGWRQRUPDOOHDIYDULHWLHV +HLWKROWDQG
0HUHGLWK $OWKRXJKQHFWDULOHVVJHQHVDUHQRWDVVRFLDWHGZLWKKLJKHU\LHOGLQFRWWRQ
7KH\DUHDVVRFLDWHGZLWKUHGXFHGWDUQLVKHGSODQWEXJGHQVLW\ 0HUHGLWK6FRWWHWDO
7KRPVRQHWDO 


7DUQLVKHGSODQWEXJIOLJKWSDWWHUQVVWXGLHGXQGHUODERUDWRU\FRQGLWLRQVVKRZHGDQ

DYHUDJHVSHHGRIPV NPK GXULQJVXVWDLQHGIOLJKWV3UHUHSURGXFWLYHVWDJHEXJV
GD\VROG IOHZPXFKOHVVWKDQROGHULQGLYLGXDOV)HPDOHVPDGHPRUHORQJGXUDWLRQ
IOLJKWVWKDQPDOHV 6WHZDUWDQG*D\ORU $QLQWHUHVWLQJILQGLQJZDVWKDWIHPDOHV
ZLWKHJJVIOHZPRUHWKDQIHPDOHVZLWKRXWHJJV7KLVLQIRUPDWLRQVXSSRUWVVWXGLHV
VKRZLQJWKDWHDUO\UHSURGXFWLYHIHPDOHVZHUHPRUHOLNHO\WRFRORQL]HQHZKDELWDWSDWFKHV
WKDQZHUHPDOHVRUSUHUHSURGXFWLYHIHPDOHV 6WHZDUWDQG*D\ORU%ODFNPHUHWDO
 ([SHFWHGFRORQL]DWLRQE\UHSURGXFWLYHIHPDOHVFRXOGDOWHUWKHWUHDWPHQWWKUHVKROG
IRUWDUQLVKHGSODQWEXJ,IRQHVDPSOHVDILHOGMXVWEHIRUHWKHPDVVLPPLJUDWLRQRI
WDUQLVKHGSODQWEXJWRFRWWRQWKHSHVWGHQVLW\FRXOGFKDQJHGUDPDWLFDOO\LQDIHZGD\V
&XUUHQWWKUHVKROGVIRUWDUQLVKHGSODQWEXJVDUHQRWDGMXVWHGIRUODQGVFDSHFRQVLGHUDWLRQV
HYHQWKRXJKWKLVPD\EHDQLPSRUWDQWIDFWRULQWDUQLVKHGSODQWEXJSRSXODWLRQG\QDPLFV




7KHPDLQSHULRGRILQVHFWLFLGHDSSOLFDWLRQGLUHFWHGDWWDUQLVKHGSODQWEXJVLVIURPILUVW
ZHHNRIVTXDULQJWRODWHEROOIRUPDWLRQ7KHWKUHVKROGVFXUUHQWO\UHFRPPHQGHGGXULQJ
WKLVSHULRGDUHOLVWHGLQ7DEOH &DWFKRW 

7DUQLVKHG3ODQW%XJRI

&RWWRQ
&RWWRQ *RVV\SLXPVSS FRQVWLWXWHVDOLWWOHRYHUSHUFHQWRIWKHWRWDOILEHUXVHG
LQWKHZRUOG 86'$(56D 7KHUHDUHPRUHWKDQGLIIHUHQWFRWWRQVSHFLHV
DYDLODEOHDURXQGWKHZRUOGEXWRQO\IRXURIWKHPDUHDFWLYHO\FXOWLYDWHGDQG
HFRQRPLFDOO\LPSRUWDQW*KLUVXWXP/DQG*EDUEDGHQVH/DUHWKHRQO\WZRVSHFLHV
JURZQLQWKH8QLWHG6WDWHV*KLUVXWXP/LVWKHPDLQFRWWRQRIWKH8QLWHG6WDWHVDQG
FRQVWLWXWHVPRUHWKDQRIWKHFRWWRQFXOWLYDWHG 86'$(56E $OWKRXJK&KLQD
UDQNVILUVWLQWHUPVRIFRWWRQSURGXFWLRQLQWKHZRUOGWKH8QLWHG6WDWHVLVDVLJQLILFDQW
FRQWULEXWRUWRWKHZRUOG¶VFRWWRQVXSSO\,QFRWWRQZDVJURZQRQPRUHWKDQ
PLOOLRQKHFWDUHVLQWKH8QLWHG6WDWHVZLWKDWRWDOSURGXFWLRQRI07ZKLFKZDV
DERXWSHUFHQWRIZRUOGFRWWRQSURGXFWLRQ )$686'$  7DEOH 7KH8QLWHG
6WDWHVLVWKHWKLUGODUJHVWFRWWRQSURGXFHUDIWHU&KLQDDQG,QGLD 7DEOH DQGGXHWR
ORZFRQVXPSWLRQLQLWVGRPHVWLFPDUNHWDERXWSHUFHQWRIWKH86FRWWRQLVH[SRUWHG
7KHFRWWRQLQGXVWU\KDVDVLJQLILFDQWLPSDFWRQWKHRYHUDOOHFRQRP\RIWKH8QLWHG6WDWHV
&RWWRQVXSSRUWVQXPHURXVEXVLQHVVHQWHUSULVHVVXFKDVVHHGSURGXFWLRQDJURFKHPLFDOV
IHUWLOL]HUVJLQQLQJIDUPPDFKLQHU\FDWWOHIHHGDQGWH[WLOHV,WLVHVWLPDWHGWKDWWKH
UHYHQXHSURYLGHGRULQLWLDWHGE\FRWWRQLQWKH86HFRQRP\LVDERXWELOOLRQ 1&&$




 &RWWRQLVJURZQLQ86VWDWHVUDQJLQJIURP&DOLIRUQLDWR9LUJLQLD 1$66
86'$ 7KHODUJHVWSURGXFWLRQFRPHVIURP7H[DV$UNDQVDVDQG0LVVLVVLSSL,Q
WKHILYH\HDUVVLQFHWKH8QLWHG6WDWHVKDVUHPDLQHGWKHZRUOG¶VODUJHVWFRWWRQ
H[SRUWHU+RZHYHU,QGLDFRQWLQXHVWRUDSLGO\JDLQPDUNHWVKDUHDVWKH86SURGXFWLRQ
KDVWUDQVLWLRQHGWRPRUHSURILWDEOHDOWHUQDWLYHV )$686'$ 7KH8QLWHG6WDWHV
SODQWHGFRWWRQRQKHFWDUHVLQZKHUHDVLQFRWWRQZDVRQO\
SODQWHGRQKHFWDUHV7KLVGHFUHDVHLQFRWWRQDFUHDJHDFURVVWKH8QLWHV6WDWHV
ZDVODUJHO\GXHWRVHYHUDOIDFWRUVVWLIIFRWWRQSULFHFRPSHWLWLRQIURP,QGLDKLJKHU
FRPPRGLW\SULFHVLQWKH8QLWHG6WDWHVIRUFRUQDQGVR\EHDQDQGZLWKLQWKH0LGVRXWK
FRQWLQXHGGHYHORSPHQWRILQVHFWLFLGHUHVLVWDQFHDPRQJKHPLSWHUDQSHVWV 6QRGJUDVVDQG
6FRWW5RELQVRQ 
$JULFXOWXUHFRQWLQXHVWREHDPDMRUHFRQRPLFIRUFHLQ0LVVLVVLSSL$WSUHVHQW
URZFURSVWRJHWKHUFRPSULVHWKHWKLUGODUJHVWFRPPRGLW\JURXSLQ0LVVLVVLSSLEHKLQG
SRXOWU\DQGIRUHVWU\ZLWKDERXWPLOOLRQVGROODUVRIUHYHQXHSURGXFHGHDFK\HDU
068&DUHV 7KHSULPDU\ORFDWLRQIRUFURSSURGXFWLRQLVWKHKLJKO\IHUWLOHIORRG
³'HOWD´ SODLQRQWKHZHVWHUQVLGHRIWKHVWDWHQHDUWKH0LVVLVVLSSL5LYHU$PRQJ
DJURQRPLFFURSVLQ0LVVLVVLSSLVR\EHDQRFFXSLHVWKHPRVWDFUHDJHIRUPRVWRIWKHODVW
IRXUGHFDGHVZKHUHDVFRWWRQUHPDLQVWKHELJJHVWFDVKFURSIRUIDUPHUV+RZHYHUDV
UHFHQWO\DV0LVVLVVLSSLIDUPHUVSODQWHGPRUHDFUHVRIFRWWRQWKDQVR\EHDQVDQG
0LVVLVVLSSLSURGXFHGPRUHFRWWRQWKDQDOOVWDWHVH[FHSW7H[DV%XWQRZDVWKHFRWWRQ
DFUHDJHLVGHFUHDVLQJDOORYHUWKH8QLWHG6WDWHV0LVVLVVLSSLLVQRH[FHSWLRQ0LVVLVVLSSL
IDUPHUVSODQWHGFRWWRQRQWKRXVDQGKHFWDUHVLQWKRXVDQGKHFWDUHVLQ
ZKLFKZDVUHGXFHGWRWKRXVDQGKHFWDUHVLQ )$686'$ 






0DQDJLQJFRWWRQUHTXLUHVDQLQGHSWKNQRZOHGJHRILWVELRORJ\2SWLPXPDLU

WHPSHUDWXUHIRUFRWWRQJURZWKLVEHWZHHQWR&&RWWRQJURZWKDWWHPSHUDWXUHV
EHORZ&ZLOOEHYHU\VORZHVSHFLDOO\LIVRLOPRLVWXUHLVORZ 5LWFKLHHWDO 
&RWWRQLVXVXDOO\FRQVLGHUHGGURXJKWWROHUDQWEHFDXVHRILWVH[WHQVLYHURRWV\VWHP
:ULJKWDQG6SUHQNHO 8QOLNHPDQ\RWKHUFURSVWKHFRWWRQSODQWFRQWLQXHV
YHJHWDWLYHJURZWKDIWHUIORZHULQJEHJLQV7KHGHYHORSPHQWRIIUXLWLQJVWUXFWXUHV
XOWLPDWHO\UHGXFHVYHJHWDWLYHJURZWKDVWKHSODQWPDWXUHV 5LWFKLHHWDO &RWWRQLQ
0LVVLVVLSSLLVJHQHUDOO\SODQWHGGXULQJ0D\,WWDNHVGD\VIURPSODQWLQJWR
HPHUJHQFHGHSHQGLQJRQWKHWHPSHUDWXUHZLWKDQDYHUDJHWLPHIRUHPHUJHQFHRIGD\V
,WWDNHVDSSUR[LPDWHO\GD\VIURPSODQWLQJWRDWWDLQILUVWVTXDUHRUIORZHUEXG3ODQWLQJ
WRVWEORRPZLOOWDNHDQDYHUDJHRIGD\V7KHILUVWEROOZLOORSHQDURXQGGD\V
IURPSODQWLQJ+DUYHVWIROORZVZHHNVDIWHURSHQEROO+HQFHLWWDNHVQHDUO\PRQWKV
IURPSODQWLQJWRKDUYHVW 5LWFKLHHWDO 6LQFHFRWWRQJURZWKLVJUHDWO\DIIHFWHGE\
WHPSHUDWXUHFRWWRQGHYHORSPHQWFDQDOVREHPHDVXUHGXVLQJKHDWXQLWV+HDWXQLWVRU
''DUHDQHVWLPDWLRQRIJURZWKGXULQJDGD\EDVHGRQWKHDYHUDJHRIWKHPD[LPXP
DQGPLQLPXPGDLO\WHPSHUDWXUHVLQGHJUHHV)DKUHQKHLW )PD[DQG)PLQUHVSHFWLYHO\ 
7KHQXPEHULVVXEWUDFWHGIURPWKLVDYHUDJHEHFDXVH) & LVWKHORZHVW
WHPSHUDWXUHDWZKLFKFRWWRQJURZWKRFFXUV 5LWFKLHHWDO 7KHIRUPXODIRU
FDOFXODWLQJKHDWXQLWVSHUGD\LV''  )PD[)PLQ ±&DOFXODWLQJWKH
DFFXPXODWHGKHDWXQLWVRIDFURSRYHUWLPHFDQWKHQEHXVHGWRHVWLPDWHWKHJURZWKRIWKH
FRWWRQGXULQJWKHVHDVRQ 5LWFKLHHWDO  7DEOH 


7KHUHDUHUHSRUWVRQ/\JXVLQWKHFRWWRQOLWHUDWXUHDVHDUO\DVWKH¶VLQ

/RXLVLDQD 3DUHQFLD +RZHYHUWKLVLQVHFWZDVQRWUHJDUGHGDVDSRWHQWLDOO\VHULRXV




SHVWRIFRWWRQXQWLOSUHVHQWDWLRQVZHUHJLYHQDWWKH%HOWZLGH&RWWRQ3URGXFWLRQDQG
5HVHDUFK&RQIHUHQFHV 6QRGJUDVVDQG6FRWW 6XEVHTXHQWO\WKHUHKDYHEHHQ
QXPHURXVVWXGLHVFRQFHUQLQJWKLVSHVW&RWWRQLVVXVFHSWLEOHWRWDUQLVKHGSODQWEXJ
GDPDJHLQLWVHDUO\YHJHWDWLYHJURZWKGXULQJVTXDULQJGXULQJEORRPLQJDQGGXULQJHDUO\
EROOIRUPDWLRQ+RZHYHUWDUQLVKHGSODQWEXJQRUPDOO\VWDUWVIHHGLQJRQFRWWRQIURP
SLQKHDGVTXDUHWRILUVWEORRP 6QRGJUDVV )HHGLQJRQSLQKHDGVTXDUHVUHVXOWVLQ
DERUWLRQRIWKHVTXDUHV)HHGLQJRQODUJHUVTXDUHVPD\QRWUHVXOWLQDERUWLRQEXWOHDGVWR
³GLUW\EORRP´FKDUDFWHUL]HGE\GLVFRORUDWLRQRIDQWKHUVDQGDQWKHUGDPDJH)HHGLQJRQ
VPDOOEROOVPD\LQGXFH³FDWIDFLQJ´GLVWRUWLRQRIWKHEROOVKDSHDQGUHGXFWLRQRIWKH
ILEHUFRQWHQW%ROOVPRUHWKDQGD\VROGDUHW\SLFDOO\QRWSUHIHUUHGIHHGLQJVLWHVDQGDUH
UHODWLYHO\LPPXQHWRLQMXU\ 6WHZDUW :LWKWKHFRQVWDQWDQGHYHULQFUHDVLQJ
PRGHUQL]DWLRQRIIDUPLQJV\VWHPVWKHEURDGDFFHSWDQFHRIJHQHWLFDOO\PRGLILHGSODQWV
WKHDSSOLFDWLRQRIPRUHVHOHFWLYHSHVWLFLGHVDQGSHVWHUDGLFDWLRQSURJUDPVSHVW
PDQDJHPHQWLQFRWWRQLVGLIIHUHQWWKDQDIHZ\HDUVDJR'DPDJHGXHWROHSLGRSWHUDQ
SHVWVVXFKDV+HOLFRYHUSD]HDDQG+HOLRWKLVYLUHVFHQVKDVEHHQJUHDWO\UHGXFHGGXHWR
KLJKDGRSWLRQUDWHVRIFRWWRQYDULHWLHVH[SUHVVLQJWR[LQVGHULYHGIURP%W %DFLOOXV
WKXULQJLHQVLV  7RUUHVHWDO %HIRUHWKHLPSOHPHQWDWLRQRIFRWWRQEROOZHHYLO
HUDGLFDWLRQSURJUDPVDFURVVWKHFRWWRQEHOWWKHEROOZHHYLO $QWKRQRPXVJUDQGLV
%RKHPDQ ZDVDSULPDU\SHVWRIFRWWRQ1RZEROOZHHYLOKDVEHHQHUDGLFDWHGIURP
0LVVLVVLSSL /D\WRQ 7KHDGRSWLRQRI%WFRWWRQDQGEROOZHHYLOHUDGLFDWLRQKDYH
UHGXFHGWKHQXPEHURILQVHFWLFLGHDSSOLFDWLRQVSDUWLFXODUO\GXULQJHDUO\JURZWKVWDJHV
ZKLFKKDVOHGWRDSHVWVKLIW3ODQWEXJVDQGVWLQNEXJVZKLFKZHUHVHFRQGDU\SHVWVRI
FRWWRQDQGZHUHSUHYLRXVO\FRQWUROOHGLQFLGHQWDOO\E\LQVHFWLFLGHDSSOLFDWLRQVWDUJHWHGDW




EROOZHHYLORUKHOLRWKLQHVQRZKDYHWKHRSSRUWXQLW\WREXLOGODUJHSRSXODWLRQVLQWKH
DEVHQFHRILQVHFWLFLGHV /D\WRQHWDO ,QDGGLWLRQWR%WFRWWRQDQGEROOZHHYLO
HUDGLFDWLRQWKHGHYHORSPHQWRIWDUQLVKHGSODQWEXJSRSXODWLRQVUHVLVWDQWWRS\UHWKURLG
LQVHFWLFLGHVKDVPDGHWDUQLVKHGSODQWEXJRQHRIWKHSULPDU\SHVWVRIFRWWRQLQ
0LVVLVVLSSL 6QRGJUDVVDQG6FRWW ,QDGGLWLRQVRPHSRSXODWLRQVDOVRKDYHVRPH
ORZOHYHOVRIUHVLVWDQFHWRDF\FORGLHQHDQGVHYHUDORUJDQRSKRVSKDWHLQVHFWLFLGHV
+ROOLQJVZRUWKHWDO6QRGJUDVVDQG6FRWW 7RGHYHORSDQHIIHFWLYH
PDQDJHPHQWVWUDWHJ\IRUWKLVVHULRXVSHVWRIFRWWRQLWLVQHFHVVDU\WRNQRZWKHELRORJ\
DQGHFRORJ\RIWDUQLVKHGSODQWEXJLQUHODWLRQWRLWVKRVWV




&RUQ
&RUQLVXVHGLQUHFHQWO\H[SDQGHGHWKDQROSURGXFWLRQLQWKH8QLWHG6WDWHV 

RI86SURGXFWLRQ DVDQDOWHUQDWLYHWRIRVVLOIXHO 'LFNH\ 7KH8QLWHG
6WDWHVSURGXFHGELOOLRQOLWHUVRIHWKDQROLQODUJHO\IURPFRUQ$ERXWRIWRWDO
FRUQSURGXFHGLQWKH8QLWHG6WDWHVLVXVHGDVDOLYHVWRFNIRRG&RUQLVDOVRXVHGIRU
SURGXFLQJKLJKIUXFWRVHFRUQV\UXS  ZLWKWKHUHPDLQGHUXVHGIRUSURGXFLQJVWDUFK
FHUHDOVZHHWHQHUVDOFRKROVHHGDQGRWKHUSURGXFWV 'LFNH\ 'XHWRWKHHWKDQRO
GULYHQLQFUHDVHLQGHPDQGIRUFRUQFRUQKDVEHFRPHDQLPSRUWDQWFURSLQPDQ\VWDWHV
WKDWWUDGLWLRQDOO\KDYHQRWJURZQPXFKFRUQ,Q0LVVLVVLSSLWKRXVDQGKHFWDUHVRIFRUQ
ZHUHSODQWHGLQ\LHOGLQJNJRIFRUQSHUKHFWDUHIRUDWRWDORIPLOOLRQNJ
,QFRQWUDVWWKRXVDQGKHFWDUHVRIFRUQZHUHSODQWHGLQ0LVVLVVLSSLLQ\LHOGLQJ
NJRIFRUQSHUKHFWDUHIRUDWRWDORIPLOOLRQNJFRUQ 068&DUHV 
'XULQJWKLVVDPHWLPHSHULRGFRWWRQDFUHDJHGHFUHDVHG






&RUQLVSODQWHGEHIRUHFRWWRQGXULQJ0DUFKDQG$SULO,WWDNHVDERXWGD\VWR

UHDFK5 VLONLQJ VWDJHZKHQSODQWHGLQRSWLPXPFRQGLWLRQV 5LWFKLHHWDO 
'HSHQGLQJXSRQWKHSODQWLQJGDWHVRIFRUQDQGFRWWRQ5FRUQDQGVTXDULQJFRWWRQ
SHULRGVRIWHQRYHUODS7DUQLVKHGSODQWEXJVFDQEHREVHUYHGLQ97 WDVVHOLQJ FRUQDIWHU
WKHZLQWHUDQQXDOKRVWVDUHG\LQJGRZQ $EHODQG6QRGJUDVV 7DUQLVKHGSODQWEXJ
LVQRWNQRZQWRFDXVHDQ\\LHOGGDPDJHWRFRUQEXWVRPHODERUDWRU\H[SHULPHQWVKDYH
VKRZQWKDWWDUQLVKHGSODQWEXJFDQIHHGRQFRUQVLONDQGFRUQHDUVGXULQJEOLVWHUDQGPLON
VWDJHV $EHODQG6QRGJUDVV ,QDILHOGVWXG\WDUQLVKHGSODQWEXJHJJVZHUH
RYLSRVLWHGRQWKHFRUQOHDIVKHDWKOHDIPLGULEWDVVHODQGHDUVLONV $EHO :KLOH
WDUQLVKHGSODQWEXJGHYHORSPHQWLQFRUQLVSRVVLEOHWKHUROHRIFRUQLQWDUQLVKHGSODQW
EXJSRSXODWLRQG\QDPLFVLVVWLOOQRWNQRZQ$OWKRXJKFRUQPD\EHDVRXUFHRIWDUQLVKHG
SODQWEXJVLQIHVWLQJFRWWRQWKHUDWHRIPRYHPHQWEHWZHHQWKHVHFURSILHOGVLVQRW
XQGHUVWRRGRUGRFXPHQWHG$EHWWHUXQGHUVWDQGLQJRIPRYHPHQWRIWDUQLVKHGSODQWEXJ
ZLWKLQDQGEHWZHHQWKHVHFURSVZRXOGLPSURYHRXUDELOLW\WRSUHGLFWWKHOLNHO\SUHVVXUHRI
WDUQLVKHGSODQWEXJVDWDSDUWLFXODUSRLQWRIWLPH7KLVPRYHPHQWLVOLNHO\WRYDU\ZLWKWKH
VXLWDELOLW\RIHDFKFURSIRUWDUQLVKHGSODQWEXJGHYHORSPHQW
0DUNLQJ7HFKQLTXHV


7KHUHKDYHEHHQQXPHURXVVWXGLHVFRQFHUQLQJLQVHFWPRYHPHQWDQGGLVWULEXWLRQ

LQVSDFHWRXQGHUVWDQGWKHSRSXODWLRQG\QDPLFVRILQVHFWVLQFURSKDELWDWV8VXDOO\D
UHODWLYHO\VPDOOQXPEHURIODEUHDUHGPDUNHGLQVHFWVDUHUHOHDVHGDQGUHFDSWXUHG%DVHG
RQPRYHPHQWE\WKHVHLQVHFWVPRYHPHQWE\WKHZLOGSRSXODWLRQLVH[WUDSRODWHG,Q
JHQHUDOWULDOVPDUNLQJLQVHFWVDUHGHVFULEHGDVPDUNUHOHDVHUHFDSWXUHRUPDUNFDSWXUH
,QPDUNUHOHDVHUHFDSWXUHVWXGLHVWKHPDUNVDUHDSSOLHGWRODEUHDUHGLQVHFWVRUILHOG




FROOHFWHGLQVHFWVZKLOHWKHPDUNLVDSSOLHGGLUHFWO\LQWKHZLOGLQPDUNFDSWXUHVWXGLHV
(DFKRIWKHVHPDUNLQJDSSURDFKHVKDVLWVDGYDQWDJHVDQGGLVDGYDQWDJHV +DJOHUDQG
-DFNVRQ ,QERWKVRPHVRUWRIWUDSLVXVHGWRFDSWXUHRUUHFDSWXUHWKHLQVHFWVDQG
WKHWUDSSHGLQVHFWVDUHH[DPLQHGWRGHWHUPLQHLIWKH\DUHPDUNHG&RPPRQPDUNLQJ
PHWKRGVLQFOXGHXVLQJIOXRUHVFHQWSRZGHUVWUDFHHOHPHQWVUDGLRLVRWRSHVJHQHWLF
PDUNHUVLQVHFWPXWLODWLRQLQWHUQDORUH[WHUQDOG\HVDQGLPPXQRPDUNLQJWHFKQLTXHV
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CHAPTER II
IMPACT OF SORBITOL ON AN IMMUNOMARKING TECHNIQUE USING EGG
ALBUMIN PROTEIN

Abstract
Immunomarking methods are being widely used for determining insect
movement patterns. This technique makes it possible to mark a large number of insects
with inexpensive proteins such as chicken egg albumin. Enzyme–linked immunosorbent
assay (ELISA) is used to detect marked insects. One of the critical issues when using
external protein markers is their stability under various environment conditions. The
acquisition and retention time of an external chicken egg albumin mark on tarnished plant
bug (Lygus lineolaris) feeding on cotton under climate-controlled conditions was
evaluated in this study. The temperature of the greenhouse was maintained in the range of
typical summer conditions (21°C to 35°C) in the Midsouth United States. The effect of
adding sorbitol, a polyol, to the egg albumin solution sprayed on plants was explored.
Time to acquire the mark from foliage, the effect of rain on the ability of insects to
acquire the protein from marked plants, and retention after marked insects walked and fed
on unmarked plants were evaluated. The addition of sorbitol increased the rate at which
the tarnished plant bug acquired the mark. Sorbitol also increased the intensity of the
marks. Sorbitol had no significant effect on the probability of the protein detection
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following rain. One cm of simulated rain was enough to wash the marker protein from
cotton plants to the extent that no mark could be detected on insects exposed to them.
Sorbitol increased the retention time of the marker when the marked insects were allowed
to spend time on unmarked plants. In the absence of rain, egg albumin alone produced a
mark that was detectable for about a week, and addition of sorbitol extended detection to
nine days.
Key Words: Lygus lineolaris, sorbitol, egg albumin, mark

Introduction
Knowledge of insect pest dispersal can be important in the development of a
program against the pest. One crop may act as a source of insects and another as a sink. A
driving force for insect dispersal is the availability of food and oviposition sites. These
tend to vary temporally and spatially due to plant development in the landscape mosaic.
One method for measuring insect movement is marking, releasing, and recapturing them.
Radioisotopes (Service 1993), fluorescent powders (Schroeder and Mitchell 1981, Jones
and Parrella 1986, Schellhorn et al. 2004), internal or external dyes (Leeuwen 1940,
Steiner et al. 1965, Hendricks and Graham 1970), mutilation (Murdoch 1963), rare
elements (Akey et al. 1991), laser-marking (Griffiths et al. 2004), and immunomarking
(Jones et al. 2006) techniques are among the many techniques that have been used to
mark insects. Each of these marking methods has advantages and disadvantages
(Southwood and Henderson 2000, Hagler and Jackson 2001).
The focus of this study is on the immunomarking technique, which is safe and
does not impair the ability of an insect to behave normally (Jones et al. 2006). An
26

enzyme-linked immunosorbent assay (ELISA) mark detection method for protein
markers was developed (Hagler et al. 1992, Hagler 1997, Hagler and Jackson 1998). This
method used protein-specific antibodies to detect a specific vertebrate protein mark
(rabbit or chicken IgG), which had been applied externally as a spray or internally by
incorporating it into the insect’s diet (Hagler 1997). The major limitation of this work
was the high cost of purified protein marks: $30-50/g. The cost barrier limited its large
scale application or marking a large number of insects. An alternative solution is to use
of inexpensive protein such as chicken egg albumin, milk powder, or soy milk powder
(Jones et al. 2006). These proteins make it affordable to externally mark a large number
of insects in the laboratory or in nature. Before using these methods in diverse
environments, a few areas that need to be evaluated are the denaturing rate of protein
from exposure to high temperature conditions and the adherence of protein to the surface
of the insect or plant during rain. These proteins were retained on most leaves for more
than 4 weeks sampled from the lower two-thirds of cotton foliage in one study (Hagler
and Jones 2010). However, low protein detection rates were observed in our preliminary
field trials. This led to an exploration of the benefits of adding protein stabilizers to the
marking solution.
Polyols, also known as sugar alcohols, are known to raise the transition
temperature (i.e., the temperature at which denaturation occurs) of proteins. Trehalose,
sorbitol, and mannitol are examples of polyols. Trehalose (2.0 m) was observed to raise
the transition temperature of RNAase by 18 °C (Kaushik and Bhat 2003). Sorbitol has
also been shown to stabilize proteins (Maury et al. 2004, Chang et al. 2005, Bakaltcheva
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et al. 2007). In addition, sorbitol is one of the components in some Bt formulations to
keep these formulations stable in field conditions (Brar et al. 2006).
We evaluated the effect of sorbitol on the probability of successfully marking
Lygus lineolaris (Palisot de Beauvois) and on extending the longevity of the mark.
Experiments were conducted with and without simulated rain. We also analyzed the
amount of time that marked insects could spend on unmarked plants and retain a
detectable mark. We conducted these experiments on cotton (Gossypium hirsutum L) but
the results are expected to be similar for many insect-plant systems. The primary goal of
this research was to develop an inexpensive but effective technique to mark insects under
high temperatures and in the presence of rainfall.

Materials and Methods
All trials were conducted with a tarnished plant bug colony started in 2005 and
maintained by the Department of Entomology and Plant Pathology, Mississippi State,
MS. This colony was started from insects collected from wild hosts from various
locations in Mississippi. Wild insects were periodically added to the colony to maintain
its vigor. This colony was reared on artificial diet (Cohen 2000) and kept at 26°C, 16:8
LD. Cotton for all trials was grown in 3.78 liter pots with four plants per pot. The plants
were grown on Promix-Bx media (Premier Horticulture Inc, Quakertown, PA, USA) and
were fertilized once with Osmocote (Scotts Sierra Horticultural Products Comp,
Marysville, OH, USA) at a rate of 2.5 gm/4 plants. Plants were watered every three days
using tap water applied at the base of the pot. Squaring cotton plants (plants with flower
buds) were sprayed with protein marker solutions using a garden sprayer until the
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solution dripped from the leaves. Throughout this paper we will refer to the four plants in
a pot as a “pot” unless otherwise stated. We sprayed two types of marker solutions. The
egg albumin solution was one part liquid chicken egg albumin mixed with nine parts tap
water (v:v) to achieve a 10% egg albumin solution. The egg albumin with sorbitol marker
solution was the same 10% egg albumin solution plus 91.1 g sorbitol per 1000 ml egg
solution to obtain a 10% egg albumin with 0.5M sorbitol solution.
Two studies were conducted to evaluate questions related to mark durability. In the first
experiment, we tested the effects of exposure time, marker with or without sorbitol, and
rain on mark acquisition by insects. In the second experiment, we tested the effect of
marker with or without sorbitol on retention by marked insects feeding on unmarked
plants.

Experiment 1
Thirty two pots were sprayed with egg albumin solution and 32 pots were sprayed
with egg albumin + sorbitol solution. One and seven days after the solutions were
sprayed, 16 pots from each treatment received one cm of simulated rainfall. We
simulated rain using a garden hose fitted with a sprinkler nozzle. The nozzle was held
facing up and moved as needed so that the water sprinkled evenly over the potted plants
(Fig. 2.1). To assure an even distribution of water over the pots, six graduated cylinders
were located as indicated to measure applied water. Three days after the plants were
marked, 10 – 12 insects were caged on each pot using netting (Fig. 2.2). The nets were
open from both ends and put on the plants from bottom of the pot (1 m: 0.4 m: length:
diameter) and tied at the base of pot using rubber bands. The top of the net was closed
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above the plants using rubber bands. Insects were caged on these marked plants for 1, 5,
12, or 22 h (exposure time). For each marking solution, exposure time, and rainfall
treatment, we used 4 pots (replicates). We recovered 8 insects from each pot, which were
directly and individually placed in a microcentrifuge tube and frozen at -80°C until mark
evaluation. More insects were caged and treated as above at 6, 9, 12, and 15 days after
marking the plants using the same sprayed pots for each exposure time. An overview of
the indirect ELISA technique developed by Jones et al. (2006) to detect the protein mark
on insects was as follows: Frozen insects were washed individually in TBS buffer for
about 3 minutes, the insects were discarded, and the buffer was tested for the presence of
the marker protein. Buffer samples were put in wells and incubated. After washes with
phosphate buffered saline tween-20 (PBST), a blocker was added to the wells and
incubated, and primary antibody was added and incubated. Then, the secondary antibody
was added and incubated, a substrate was added, and finally acid was added to stop the
reaction. Optical density (OD) of the contents of each well was determined with an
absorbance microplate reader (BioTek-RLx800, Winooski, VT). The software used to
collect data was Gen5 (BioTek, Winooski, VT).
The trial had a factorial design with repeated measures for the following factors
and their interactions: exposure time (E, 4 levels), marker (M, 2 levels), rainfall (R, 2
levels), time elapsed in days since plants were sprayed (D, 5 levels), and associated
subject and within subject error terms.
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Experiment 2
Sixty four pots of plants were used in this trial. Sixteen pots were sprayed with
egg albumin solution, 16 pots with egg albumin with sorbitol solution, and 32 pots were
left unmarked. Five hours after the plants were marked, 12 – 15 insects were caged on
each marked pot (Fig. 2.2). Twelve hours later, the insects were removed from the
marked plants using an aspirator, and transferred to caged pots of unmarked plants. All
insects from a given pot of marked plants were caged on the same pot of unmarked
plants. The insects were removed from the pots of unmarked plants after 3, 6, 9, and 12
days, resulting in four replications for each marker and day combination. Eight insects
were recovered for analysis from each pot. The insects were handled and analyzed in the
same manner as in Experiment 1.
The trial had a completely randomized design with two factors: marker (M, 2
levels) and time in days on unmarked foliage (D, 4 levels).

Data Analysis
In both studies, an individual was considered marked if the ELISA optical density
reading was at least three standard deviations above the mean for unmarked insects
(Crowther 2001). Unmarked insects were ones collected from the wild. Ninety-six well
plates (300 μl/well) were used for the indirect ELISA. Each plate had eight wells used for
unmarked insects (negative control) and eight wells used for the antigen at 1 ppm
(positive control). Before comparing the ELISA optical density values between the
different treatments, the observed values were multiplied by the ratio of the average of
the positive controls on the plate to the average across all plates (Jones et al. 2006).
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In Experiment 1, analysis of variance with repeated measures based on a general
linear model (PROC GLM, SAS Institute 2003) was used to test the effects of duration of
exposure, marker solution, rainfall condition, period between spraying and exposure and
their interactions on optical density readings. Following the full analysis, separate
analyses for with and without simulated rainfall were performed. Percentages of insects
marked are reported but were not statistically analyzed. REQWG at P = 0.05 was used
for means separation (SAS Institute 2003). (Optical density + 0.001) was log transformed
to equalize variance over the range of observed values. None of the insects exposed
twelve and fifteen days after the plants were marked in the absence of simulated rainfall
were found positive for mark. We did not have the data for fifteen days for the same
experiment done in the presence of simulated rainfall. Hence, we eliminated fifteen day
optical density readings from the data set to have a balanced design.
In Experiment 2, analysis of variance based on a general linear model (PROC
GLM: SAS Institute 2003) was used to test the effects of marker solution, time spent on
the unmarked plants, and their interaction on optical density readings. Percentages of
insects marked are reported but not analyzed. REQWG at P = 0.05 was used for means
separation (SAS Institute 2003). (Optical density + 0.001) was log transformed to
equalize variance over the range of observed values.
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Results

Experiment 1
The mean optical density readings differed significantly between all main effects
and their interactions (Table 2.1). Simulated rain of one cm caused a highly significant
reduction in the mean optical density readings.
In the absence of simulated rainfall, there was a significant interaction between
marker and exposure time on optical density (F = 20.00; df = 3, 24; P < 0.0001) for
insects exposed three days after the marker was applied to plants. Multiple comparison
tests showed that for the egg albumin marker, the mean optical density after one hour
exposure time was lower than after longer exposure times (5, 12, or 22 hours) (Table 2.2,
Fig. 2.3). For insects infested on sorbitol marked plants, mean optical densities after one
and five hr exposure times were lower than after 12 and 22 hr exposure times (Table 2.2,
Fig 2.3). Mean optical density for one hr exposure time on egg albumin with sorbitol was
higher than all exposure times for egg albumin alone, but the five hr exposure was not.
All the insects were considered marked for both markers at all exposure times on day
three.
For insects exposed six days after the marker was applied to plants, there was a
significant interaction between marker and exposure time on optical density (F = 4.84; df
= 3, 24; P = 0.009). Multiple comparisons tests showed that for egg albumin marker, the
mean optical densities were not significantly different among the exposure times (Table
2.2, Fig. 2.4). Optical densities were different among exposure time for the egg albumin
with sorbitol. However, similar to day three, the mean optical density for one hour
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exposure time on egg albumin with sorbitol was higher than for all exposure times for
egg albumin marker (Table 2.2, Fig 2.4). There was 40% and 6% drop in the mean
optical density of the egg albumin and egg albumin with sorbitol markers, respectively,
from day three to day six. All the insects were considered marked for both markers on
day six.
For insects exposed nine days after the marker was applied to plants, there was a
non-significant interaction between marker and exposure time on optical density (F =
0.55; df = 3, 24; P = 0.6532). The mean optical density did not differ significantly (F =
0.03; df = 3, 24; P = 0.9927) among the four exposure times. However, marker was a
highly significant factor (F = 19.33; df = 1, 24; P = 0.0002) with egg albumin marks
lower than egg albumin with sorbitol marks (Table 2.2, Fig. 2.5). There was a decrease in
the optical density reading by 100 fold from day six to day nine. However, 91%
(116/128) of insects were considered positively marked by the egg marker, and 99%
(127/128) of insects were considered positively marked by the sorbitol marker.
For insects exposed twelve days after the marker was applied over plants, there
was a non-significant interaction between marker and exposure times on optical density
(F=0.96; df = 3, 24; P = 0.4281). The mean optical density did not differ significantly
among the four exposure times (F = 0.25; df = 3, 24; P = 0.8615) or between markers (F
= 4.34; df = 1, 24; P = 0.0581). The mean optical density reading dropped below the
positive threshold for both markers, and none of the insects tested positive for either
marker (Table 2.2, Fig. 2.6).
In the presence of simulated rain conditions, only the days between mark
application and exposure had a significant affect on the mean optical density (F = 31.2; df
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= 3, 24; P <0.001). All other main effects and interactions were non-significant (statistics
not shown). Three days after the marker was applied to plants, 25% (32/128) and 35%
(45/128) of insects were positively marked by the egg albumin marker and egg albumin
with sorbitol marker, respectively (Table 2.3). Most of the positively marked individual
insects were very lightly marked (optical density  0.0052) compared to optical densities
> 1.00 for insects without rainfall. Six days after the mark was applied to plants, 7%
(9/128) and 8% (11/128) of insects were positively marked by the egg albumin marker
and egg albumin with sorbitol marker, respectively. A second one cm rain event was
simulated on day seven and by day nine  6% of insects were marked by either marker.
By day 12 there were no marked insects (Table 2.3, Fig. 2.6).

Experiment 2
In this experiment, conducted without simulated rain, there was a significant
interaction between marker and time spent by marked insects on unmarked plants on
mark intensity (F = 3.8; df = 3, 24; P = 0.0232). Mean optical densities were consistently
higher for insects exposed to plants marked with egg albumin with sorbitol than with egg
albumin marker (Table 2.4). As anticipated, mean optical densities decreased as time
passed (Table 2.4). Nine days after marked insects were put on unmarked plants, the
mark could be detected on 50% (16/32) of insects exposed to plants marked with egg
albumin and 84% (27/32) exposed to egg albumin with sorbitol. Twelve days after insects
were put on unmarked plants, marks could not be detected on any insects.
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Discussion
Sorbitol is a component in wastewater sludge-based Bt formulations to stabilize
them in field conditions (Brar et al. 2006). Polyethylene sorbitan monolaurate is a
derivative of sorbitol which is used as a surfactant in dye granules of Rhodamine b
(Schellhorn et al. 2004) to enhance this marking technique. There are a few limitations of
this particular marker; Rhodamine b granules are not registered to be used on crops for
human or animal consumption (Schellhorn et al. 2004). Moreover, the dye (Rhodamine
b) was completely undetectable five days after application. In contrast, the
immunomarking technique using egg albumin with sorbitol reported here is superior
because it is completely non toxic to humans, animals, or plants, and it last longer.
However, nothing is published regarding the use of sorbitol to stabilize egg albumin in
the mark-recapture-technique. One of the basic assumptions of insect marking studies is
that marked individuals do not lose their mark over the period of recapture. Our results
demonstrated a decrease in protein mark detectability over time for tarnished plant bug
and how detectability was reduced by rain and time spent on unmarked plants.
In the absence of simulated rain, the egg albumin mark on insects was reliably
detected with or without the addition of sorbitol up to six days after exposure to protein
marked plants. One hour exposure on egg albumin marked plants was sufficient for all
insects to become marked although the optical density after one hr was lower than after
longer exposure times on day three. In contrast, except for an anomalously high optical
density for one hr exposure time for egg albumin with sorbitol, there was an increase in
optical density with exposure time three and six days after application (Table 2.2).
However, optical density for insects exposed to egg albumin with sorbitol marked plants
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for one hr on day six was higher than the optical density for insects exposed to egg
albumin marked plants for any other exposure times on any days and seven out of eight
comparisons (3 and 6 days/ 4 exposure times) showed that optical density was higher for
egg albumin with sorbitol than egg albumin alone. This indicates that sorbitol helped
reduce required exposure time by insects to become marked by marked plants, which is
important where the goal is to mark mobile insects by marking the habitat. Positive
detection of insects was not a concern on days three and six because all insects tested
were marked. However, sorbitol plays a role at the time when egg albumin alone is close
to the positive threshold. On day nine, optical densities of insects exposed to plants
marked with egg albumin without sorbitol were closer to the positive threshold, and the
mark could only be detected on 91% of the insects (Table 2.2, Fig. 2.5). In contrast, 99%
of sorbitol marked insects were still positive for the mark. Moreover, the detection rate of
egg albumin for one hr exposure time was only 75% compared to 96% for egg albumin
with sorbitol mark. Therefore, the addition of sorbitol to egg albumin allows markrecapture experiments to continue longer than is possible using egg albumin alone.
Sorbitol is inexpensive ($10 – 15/kg) so it can be added to the egg albumin solution to
increase probability of mark detection for longer periods. Sorbitol may not be needed if
the study period is less than a week.
Although sorbitol increased the probability of insects getting marked under
simulated rain conditions, only 25% and 35% of insects were marked for egg albumin
and egg albumin with sorbitol, respectively, three days after plants had been marked
(Table 2.3). Since most of the marking methods to study insect movement assume that
the mark is not being lost from the insect over the period of recapture, this level of
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marking is inadequate for marking studies, so these protein-marking methods are only
suitable during periods without rain.
Once an insect has acquired the mark and spends time on unmarked plants, the
intensity of the mark declines. Although 100% of insects tested positive for both markers
three and six days after the marked insects were put on unmarked plants, the mean optical
reading decreased by about 2/3 from day three to day six for both markers (Table 2.4).
Nine days after the insects were exposed to marked plants for 12 hr and were put on
unmarked plants, 84 and 50% of insects were still marked using the egg albumin with
sorbitol and egg albumin marker, respectively. In experiment 1, 100 and 95% of insects
exposed 12 hr to plants that were marked nine days earlier became marked (Table 2.2).
This suggests that the mark is less persistent on the insect than on the plant. Although we
did not explore the effects of temperature, exposure to higher temperatures should
increase the rate of protein denaturation (Kaushik and Bhat 2003). The experiments were
done in a greenhouse during April, 2009, which was usually sunny. The greenhouse roof
was glazed with glass which partially blocked ultraviolet light. Ultraviolet light may be
another factor that reduces protein marker persistence. Although we did not study the
mechanism through which sorbitol provides protection against protein denaturation,
sugars, in general, provide protection to proteins by hydrogen bonding to the dried
proteins by serving as a water substitute (Carpenter and Crowe 1989, Carpenter et al.
1993). This property might be useful since it keeps the protein moist and hence can
increase the probability of protein persistence on plants and of an insect getting labeled
by walking over marked plants. In these trials, 0.5 m sorbitol was added to the protein
solution. A higher concentration of sorbitol may increase marker persistence even more.
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However, since sorbitol has a high molecular weight (182.17 g/mol; solubility in water,
220g/100 ml at 20°C), the amount of sorbitol to be added to achieve higher molar
concentrations results in sorbitol precipitation and a more viscous solution. This may clog
spray equipment and affect the uniformity of the spray coverage in field, so may not be
practical.
Every marking technique has advantages and disadvantages. The immunomarking
technique using egg albumin with sorbitol is best suited for a study period of less than a
week during summer conditions in the midsouth United States. It may be useful for
longer periods in climates with lower temperatures. It is non-toxic, so it can be used in
any habitat. However, this technique is not suitable in the presence of rainfall. In the
absence of rain, the addition of sorbitol to egg albumin may help insects become marked
more quickly and may enable detection of marked insects for a few more days than egg
albumin alone, which may allow extension of the period of recapture.
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Table 2.1 Overall statistics of main effects and their interactions for Experiment 1.
Factors

F

df

P

Rain, R

36419.00

(1, 48)

<0.001

Marker, M

173.05

(1, 48)

<0.001

R*M

159.00

(1, 48)

<0.001

Exposure time, E

11.05

(3, 48)

<0.001

R*E

8.12

(3, 48)

<0.001

M*E

9.38

(3, 48)

<0.001

R*M*E

7.88

(3, 48)

<0.001

Days after mark application, D

12278.24

(3, 144)

<0.001

R*D

11876.45

(3, 144)

<0.001

M*D

42.94

(3, 144)

<0.001

R*M*D

41.55

(3, 144)

<0.001

E*D

6.40

(9, 144)

<0.001

R*E*D

6.28

(9, 144)

<0.001

M*E*D

4.37

(9, 144)

<0.001

R*M*E*D

3.62

(9, 144)

<0.001
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Albumin

Albumin+
Sorbitol

Albumin

Albumin+
Sorbitol

Albumin

Albumin+
Sorbitol

Albumin

Albumin+
Sorbitol

3

3

6

6

9

9

12

12

0.0030 (1.7E-5, 0)k

0.0030 (4.2E-5, 0)k

0.0081 (0.0001, 96)f

0.0062 (0.0008, 75)h

1.67 (0.15, 100)c

0.61 (0.03, 100)e

1.64 (0.14, 100)c

0.69 (0.05, 100)e

Exposure Time, h1

0.0030 (4.6E-5, 0)k

0.0029 (2.0E-5, 0)k

0.0083 (0.0003, 100)f

0.0063 (0.0003, 94)h

1.01 (0.14, 100)d

0.68 (0.03, 100)e

1.36 (0.11, 100)cd

1.34 (0.03, 100)d

Exposure Time, h5

0.0030 (2.3E-5, 0)k

0.0031 (2.3E-5, 0)k

0.0074 (0.0002, 100)g

0.0064 (0.0002, 94)h

1.92 (0.20, 100)bc

0.74 (0.03, 100)e

2.13 (0.08, 100)b

1.25 (0.03, 100)d

Exposure Time, h12

0.0030 (2.7E-5, 0)k

0.0030 (2.3E-5, 0)k

0.0084 (0.0003, 100)f

0.0062 (0.0002,
100)h

2.44 (0.21, 100)a

0.72 (0.02, 100)e

2.33 (0.15, 100)ab

1.30 (0.03, 100)d

Exposure Time, h22

0.0030 (1.5E-5,
0)

0.0030 (1.4E-5,
0)

0.0080 (0.00001,
99)

0.0063 (0.00002,
91)

1.70 (0.09, 100)

0.68 (0.014, 100)

1.87 (0.06, 100)

1.15 (0.03, 100)

Overall Mean

Log transformation of optical density + 0.001 used for statistical comparisons. Means followed by the same letter are not
significantly different according REGWQ to at P  0.05. Means comparisons were made overall for Tables 2.2 and 2.3.

Spray
Solution

Days after
Application

Table 2.2 Mean optical density reading (±SE, % marked) in the absence of simulated rain for egg albumin marker with or
without sorbitol on tarnished plant bug exposed to cotton plants for the indicated number of hours and 3, 6, 9, and 12
days after application of the marker solution to the plants. Insects were considered positive for any reading > 0.0034.
Each reading represents 32 insects.
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Albumin
Albumin+
Sorbitol
Albumin
Albumin+
Sorbitol
Albumin
Albumin+
Sorbitol
Albumin
Albumin+
Sorbitol

3

3

6

6

9

9

12

12

0.0030 (1.2E-5, 0)k

0.0030 (1.8E-5, 0)k

0.0030 (3.0E-5 ,3)k

0.0030 (2.1E-5, 0)k

0.0030 (4.6E-5, 9)k

0.0030 (3.1E-5, 3)k

0.0041 (7.1E-4, 28)i

0.0033 (6.5E-5, 25)j

Exposure Time, h1

0.0030 (2.0E-5, 0)k

0.0030 (2.8E-5, 0)k

0.0030 (2.6E-5, 6)k

0.0030 (2.8E-5, 3)k

0.0030 (2.4E-5, 6)k

0.0031 (4.3E-5, 6)k

0.0031 (3.4E-5, 19)j

0.0032 (4.5E-5, 28)j

Exposure Time, h5

0.0030 (1.6E-5, 0)k

0.0030 (1.7E-5, 0)k

0.0030 (2.6E-5, 6)k

0.0030 (1.7E-5, 3)k

0.0031 (5.6E-5, 9)k

0.0031 (4.9E-5, 9)k

0.0036 (1.1E-4, 40)i

0.0032 (4.2E-5, 25)j

Exposure Time, h12

0.0030 (1.9E-5, 0)k

0.0030 (1.8E-5 ,0)k

0.0030 (1.9E-5, 3)k

0.0030 (1.8E-5, 6)k

0.0031 (2.9E-5 ,9)k

0.0031 (9.0E-4, 9)k

0.0035 (1.0E-4, 53)i

0.0033 (7.9E-5, 21)j

Exposure Time, h22

0.0030 (5.3E-6, 0)

0.0030 (2.6E-6, 0)

0.0030 (3.4E-6, 5)

0.0030 (0.9E-5, 3)

0.0031 (1.0E-5, 8)

0.0031 (1.4E-5, 7)

0.0036 (2.1E-5, 35)

0.0033 (1.2E-5, 25)

Overall Mean

Log transformation of optical density + 0.001 used for statistical comparisons. Means followed by the same letter are not
significantly different according REGWQ to at P  0.05. Means comparisons were made overall for Tables 2.2 and 2.3.

Spray
Solution

Days after
Application

Table 2.3 Mean optical density reading (±SE, % marked) in the presence of simulated rain for egg albumin marker with or
without sorbitol on tarnished plant bug exposed to cotton plants for the indicated number of hours and 3, 6, 9, and
12 days after application of the marker solution to the plants. Insects were considered positive for any reading >
0.0034. Each reading represents 32 insects.


Table 2.4 Mean optical density reading (±SE, % marked) in the absence of simulated rain for
egg albumin marker with or without sorbitol to the tarnished plant bug exposed to
marked plants for 12 h and then to unmarked cotton plants for 3, 6, 9, and 12 days.
Insects were considered positive for any reading > 0.0034. Each reading represents 32
insects.
Period After
Exposure, d
3

Albumin Marker

Albumin + Sorbitol Marker

1.20 (0.03, 100)b

1.56 (0.05, 100)a

6

0.41 (0.02, 100)d

0.57 (0.03, 100)c

9

0.0035 (0.0002, 50)f

0.0047 (0.0002, 84)e

12

0.0022 (0.0003, 0)g

0.0022 (0.0002, 0)g

Means followed by the same letter are not significantly different according to
REGWQ at P  0.05.
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Sprayer Position
Figure 2.1 A schematic arrangement of pots and rain gauges during simulated rainfall.
The hose was held 1m away from the outer row and 2m above the base of the
pots. The hose was moved slightly in a circular manner to obtain a uniform
distribution of water. “R” represents the position of rain gauges. Rain gauge
readings: 1R (1.0 cm), 4R (1.1 cm), 7R (1.0 cm), 11R (1.0 cm), 13R (1.0 cm),
and 16R (0.9 cm).
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Figure 2.2 Pots of cotton plants with netting to cage tarnished plant bugs in a greenhouse. 
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Figure 2.3 Mean optical density reading (±SD) for insects exposed three days after
plants were marked. The line on Y axis = 0.0034 is the positive threshold for
insects to be considered marked.
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Figure 2.4 Mean optical density reading (±SD) for insects exposed six days after plants
were marked. The line on Y axis = 0.0034 is the positive threshold for insects
to be considered marked.










49





Figure 2.5 Mean optical density reading (±SD) for insects exposed nine days after plants
were marked. The line on Y axis = 0.0034 is the positive threshold for insects
to be considered marked.
.
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Figure 2.6 Mean optical density reading (±SD) for insects exposed twelve days after
plants were marked. The line on Y axis = 0.0034 is the positive threshold for
insects to be considered marked.
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CHAPTER III
INTER AND INTRA CROP MOVEMENT OF TARNISHED PLANT BUG ON CORN
AND COTTON

Abstract
Lygus lineolaris (Palisot de Beauvois), the tarnished plant bug, is a key economic pest
of cotton (Gossypium hirsutum L.) in the mid-south USA. It is believed that early season
crops like corn (Zea mays L.) play a major role in the increase of L. lineolaris populations,
which then move to nearby cotton fields. L. lineolaris densities within cotton fields are often
much higher near corn fields, but this phenomenon has not been well quantified. A better
understanding of this movement could play a key role in managing L. lineolaris. The markcapture and mark-release-recapture studies reported here show that corn at tasseling stage is a
more suitable habitat to L. lineolaris than pre-squaring cotton. Dispersal of L. lineolaris from
corn to cotton starts during the period when corn is at silking stage and cotton is at squaring
stage. By the time corn reaches milk stage and cotton is at first bloom, most adult L.
lineolaris have moved out of corn to infest cotton. Corn is a host of L. lineolaris immediately
before cotton is a suitable host, so the arrangement of these crops in the landscape will
impact the location and severity of pest pressure in cotton.
Key Words: Lygus lineolaris, corn, cotton, mark, diffusion coefficients
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Introduction
Lygus lineolaris (Palisot de Beauvois), the tarnished plant bug, is an important
pest of cotton in the mid-south United States, especially in the Mississippi River delta of
Arkansas, Louisiana, and Mississippi (Snodgrass et al. 1984). Most pest management
practices for L. lineolaris rely heavily on chemical control. One of the concerns of a
chemically-dependent control strategy is the development of insecticide resistance.
Recently L. lineolaris was found to be resistant to pyrethroids in the Mississippi Delta
region (Snodgrass and Scott 2000, Zhu and Snodgrass 2003). Lygus lineolaris
overwinters as adults from late autumn or early winter until spring in broadleaf species or
other ground cover including plant debris. Adults may become active periodically on
warm days during the winter (Johnson et al. 2005). They move to broadleaf species like
crimson clover, fleabane, horseweed, ragweed, evening primrose, and chickweed in the
spring (Snodgrass et al. 1984). On these plants, L. lineolaris live one to two generations
(Snodgrass et al. 2006). The time period during which corn tassels generally coincides
with the time that spring hosts start to senesce, and some L. lineolaris move to corn.
Although L. lineolaris is not considered a pest of corn, laboratory experiments have
shown that L. lineolaris can feed and reproduce on corn silk and corn ears during blister
and milk stages (Abel and Snodgrass 2003). In a field study, L. lineolaris eggs were
oviposited on the corn leaf sheath, leaf mid-rib, tassel, and ear silks; and development to
the adult stage was successful (Abel and Snodgrass 2003, Abel 2004). While L. lineolaris
development in corn is possible, the importance of corn to L. lineolaris population
dynamics is not known. Because corn is generally suitable for L. lineolaris development
earlier than cotton, corn may be the source of L. lineolaris immigrating into some cotton
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fields. The rate and timing of movement of L. lineolaris between these crops has not been
well quantified. A better understanding of movement of L. lineolaris within and between
corn and cotton would improve our ability to manage L. lineolaris. For example,
depending on the relative maturities of corn and cotton, corn may be a source of L.
lineolaris and cotton a sink at some times but this relationship may change at other times.
The primary goal of this research project was to understand the dispersal rates of
L. lineolaris within and between adjacent corn and cotton fields, and how these rates
change as the crops mature. This goal was accomplished through two marking studies
using immunomarking techniques (Jones et al. 2006).

Materials and Methods
A total of six corn-cotton field locations were studied in 2008 and 2009. This
study was conducted on commercial farms where corn and cotton were planted adjacent
to one another. We conducted two similar experiments each year using two different
marking approaches: mark-release-recapture (MRR) and mark-capture (MC). In each
corn-cotton farmscape, corn and cotton were planted side by side with rows running
parallel. The row width was 0.96 m in both crops. For MRR, trials were conducted with L.
lineolaris adults collected from field populations of wild host plants, primarily fleabanes
(Erigeron spp.) and pigweed (Amaranthus spp.). Collected insects were placed in cages
with host plant material initially with access to artificial diet (Cohen 2000) as well. Only
artificial diet was maintained and field collected insects were reared up to one generation
on artificial diet. When needed, this F1 generation adult population was supplemented
with field-collected L. lineolaris and L. lineolaris from a colony started in 2005 and
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maintained by the Department of Entomology and Plant Pathology, Mississippi State, MS.
This colony was reared on artificial diet (Cohen 2000) at 25°C and 16:8 LD. Wild L.
lineolaris were added to the colony periodically to maintain colony vigor.

Insect Sampling
Lygus lineolaris was sampled in cotton using a sweep net 38 cm in diameter and
84 cm in length as recommended by Musser et al. (2007). Preliminary observations in
tasseling corn indicated that L. lineolaris was found primarily on tassels. Therefore,
sampling in tasseling corn was accomplished using a sweep net 46 cm in diameter and
124 cm in length (7221NA, BioQuip) by quickly covering the plants with the sweepnet
from the top down as far as possible. The sweepnet bag was clamped around the plant as
low as possible and shaken thoroughly to collect L. lineolaris in the net. Lygus lineolaris
were recovered from the net using an aspirator. Since sampling in tasseling corn
disturbed adjacent plants, two plants were sampled together using one net, then the next
two plants were skipped, resulting in half of each row being sampled. To compensate for
this incomplete sampling, the counts were multiplied by two. For corn at silking and milk
stages, preliminary observations showed that L. lineolaris was found mostly on corn silks,
so a visual search of corn ears was made and the insects were collected with an aspirator.
For the silking and milk stages, all plants in the row were sampled.

Experimental Design for Mark-Release-Recapture (MRR)
Two similar experiments were conducted during 2008 and 2009. During 2008,
two locations were chosen in commercial fields near Caledonia and Baldwyn, MS in the
55

‘Hills’ region where natural L. lineolaris densities are typically low. At both locations,
corn was at silking stage and cotton was squaring. Nine hundred marked L. lineolaris
were divided into groups of 30 and placed in 250 ml plastic cups with green bean pieces.
Lygus lineolaris were marked a day before releasing them with 10% egg albumin+0.5M
sorbitol solution using a garden sprayer set to deliver a fine spray into each 250 ml
individual cup. Cups with L. lineolaris and green bean pieces were kept at room
condition overnight. Care was taken to avoid excessive spraying, which could hinder
their ability to fly normally. On the next day between 9 and 11 am, marked insects were
released opening cups at ground level at 2.5 m intervals between two rows in the corn
interior, cotton interior, and at the interface of the corn and cotton fields (Fig. 3.1). Field
interiors were at least 200 m from the field edge. One, three, and six days after the release,
L. lineolaris were collected at 0.5, 2.5, 5.5, 10.5, and 16 m on both sides away from the
release lines. A separate, but adjacent, 25 m of row was sampled on each collection day
in each habitat. Collected insects were immediately dumped into kill jars to minimize the
risk of unmarked insects becoming contaminated by marked ones. Collection of L.
lineolaris began at the furthest distance from the release line and moved toward the
release line. Collected L. lineolaris were brought to the lab and placed individually into
microcentrifuge tubes. They were agitated in 1 ml TBS buffer solution for 3 minutes and
then removed. The buffer was stored at -70°C in the microcentrifuge tubes labeled with
the day, habitat, and distance. They were analyzed later for the marker using indirect
ELISA (Jones et al. 2006). The experiment was repeated when corn was at milk stage and
cotton was at first week of bloom, and again when corn was at dent stage and cotton was
in the third week of bloom.
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In 2009, a protocol similar to that described for 2008 was followed except for two
changes. First, 3300 insects were released along a line of 275 m. This made nine 25 m
release segments flanked on each side by a 25 m release segment adjacent to which
tarnished plant bugs were not sampled. Three hundred adults were released in each 25 m
segment as in 2008. Rather than two locations with one replicate at each location as in
2008, there was one location (Noxubee, MS) with three replications. The second change
was the crop maturities at release. In 2009, the first release was made when corn was
tasseling and cotton pre-squaring, the second when corn was silking and cotton squaring,
and the third when corn was at milk and cotton at the first week of bloom. The rest of the
protocol was similar to 2008.

Experimental Design for Mark Capture (MC)
Two similar experiments were conducted in the Delta regions of MS. during 2008
and 2009 where L. lineolaris densities tend to be high. Field selection was similar to that
described above for MRR. The two study sites were located near Glendora, MS in 2008.
Seventy five meters of each of two adjacent rows in corn and cotton field interiors were
sprayed with a 10% egg albumin + 0.5M sorbitol solution using a CO2 sprayer. Foliage
was saturated completely with the spray solution. Field interiors were at least 200 m from
any field edge. The design and insect collection protocol was similar to the MRR
experiment (Fig. 3.1b). At the interface between cotton and corn, 75 m of each of two
adjacent rows of cotton neighboring the corn field were sprayed with 10% egg + 0.5M
sorbitol solution. Similarly, each of two adjacent rows of corn neighboring the cotton
field were sprayed with 20% soy milk + 0.5M sorbitol solution (Fig. 3.2). The rest of the
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protocol was the same as described for MRR. As with MRR in 2008, MC experiments
during 2008 were repeated at two additional time periods: corn at milk stage and cotton
in the first week of bloom, and corn at dent stage and cotton in the third week of bloom.
In 2009, a protocol similar to that described for 2008 was followed except for two
changes. First, instead of spraying 75 m as done in 2008, 400 m of each habitat (corn
interior, cotton interior, and corn-cotton interface) were sprayed, giving nine 25-m spray
segments flanked on each side by 87.5 m of sprayed row adjacent to which L. lineolaris
were not sampled. There was one location (Midnight, MS) in 2009 with three replicates.
The second change was as done for MRR in 2009 the time periods of the MC
experiments were shifted earlier so the first observations were made when corn was
tasseling and cotton was not yet squaring, the second when corn was silking and cotton
was squaring, and the third when corn was at milk stage and cotton was in the first week
of bloom. The rest of the protocol was similar to 2008.

Data Analysis
In all the studies, an individual was considered marked if the ELISA optical
density reading was three standard deviations above the mean of unmarked, control
insects (Crowther 2001). Control insects (unmarked) were collected from other parts of a
cotton field before the start of the experiments. We used 96 well (300 μml capacity per
well) plates for the indirect ELISA. Each plate had 8 wells used for unmarked insects
(negative control) and 8 wells used for the antigen at 1 ppm (positive control).
Data from the two sites in 2008 for MRR were combined, but each release period
was analyzed separately. In both years, a diffusion model was used to estimate the rates
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of movement of L. lineolaris for each crop and time period. Although individual insects
do not diffuse passively, the dispersal of many insect populations can be described with
the equations developed to describe diffusion (Rudd and Gandour 1985). Insect dispersal
models are best modeled by diffusion when the environment is homogeneous relative to
the scale of movement (Turchin 1998). The interface of the crops was not homogeneous,
so the data were analyzed for movement into each crop separately. Diffusion rates were
estimated by fitting the following model to the data:
Y(r) = {N0/(4Dt)}exp(-kt)*exp (-r2/(4Dt)

Eq. 1.

where, Y(r) is the number of marked insects at a distance r (m) from the release line at
time t (day). D is the diffusion rate (m2/d), N0 (= 300) is the number of marked insects
released in each 25-m segment, k is the loss rate (mortality and emigration) of released
insects (Rudd and Gandour 1985).
A different diffusion model was used for MC study which assumes marked
organisms were released continuously at r = 0 such that a constant proportion of insects
were marked each day and the population density remains constant at the line of release.
Although marked individuals were not released continuously in this study, it is
reasonable to assume that the density of marked individuals at the marked rows was
approximately constant. All insects captured from the marked rows were marked, so this
assumption appears to be valid. In addition, it was assumed that the probability of
individuals becoming marked was constant over the study period. All the L. lineolaris
exposed to cotton plants sprayed up to 6 days earlier with marker solution were
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detectably marked (Chap 2), so this assumption appears to be valid. Consequently,
diffusion rates were estimated by fitting the following model to the data:

Y(r) = N0(1-erf[r/2(Dt)])

Eq. 2.

where Y(r) is the number of marked insects at a distance r (m) from the middle of the two
sprayed rows at time t (d) and erf is the mathematical error function. D is the diffusion
rate (m2/d) and N0 is the number of insects becoming marked per unit time (Crank 1989,
Turchin 1998).
The diffusion rate (D) in each habitat of each experiment was estimated using the
Gauss-Newton iterative method as implemented in PROC NLIN (SAS Institute, 2003).
The Habitat in the MRR experiment was the crop in which the insects were captured. For
the MC experiment habitat was the combination of crop in which the insect was marked
plus the crop where the insect was captured. The default convergence criterion of SSE (c
= 10-8) was used. We analyzed the estimated diffusion rates for each habitat and maturity
using PROC GLM (SAS Institute, 2003). REQWG at P = 0.05 was used for means
separation (SAS Institute 2003). Comparisons were made for crop locations and crop
maturities using CONTRAST (SAS Institute, 2003). All the interaction levels of factors
were analyzed. When higher level interactions were not significant, they were removed
from the model and the revised model was used for final analysis. In addition to marked
insects, the unmarked populations of L. lineolaris were sampled. The natural population
densities of L. lineolaris in cotton and corn at the various maturity stages were analyzed
using PROC GLM (SAS Institute, 2003).
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Results

Mark-Release-Recapture Experiment
In 2008 in the Hills region (Caledonia and Baldwyn, MS; data pooled), estimates
of diffusion coefficients (D) for Lygus lineolaris for combinations of crop (cotton, corn),
release location (interface, interior), and crop phenological stages (silking/squaring,
milk/1st wk bloom, dent/3rd wk bloom) could not be compared statistically due to a lack
of replication. Point estimates and associated standard errors of the diffusion estimates
(SE) and the number of marked insects recaptured are reported (Table 3.1). There were
no recaptures of marked insects following release in the corn interior, while twice as
many marked insects were recaptured in cotton at the interface than in the cotton interior.
When corn was at the milk stage and cotton in the first week of bloom and also when
corn was at dent stage and cotton in the third week of bloom, 100% of the marked insects
released at the interface and subsequently recaptured were recaptured in cotton.
In 2009 in the Hills region (Noxubee,MS), the crop*site*phenological stage
interaction was significant (F=5.23; df = 1, 20, p = 0.033) for estimates of D, so a
multiple comparison procedure was applied for this experiment (Table 3.2). D values for
L. lineolaris in tasseling corn were similar to those in pre-squaring cotton, but higher in
silking corn than in squaring cotton. D values in pre-squaring cotton were generally
higher than those estimated for squaring and 1st week bloom cotton, which were similar
to one another (Table 3.2). Given that the interaction habitat*phenological stage was
significant for the number of marked individuals recaptured (F = 65.17; df = 6, 22; p <
0.0001), a multiple comparison procedure was applied on a table-wide basis (Table 3.2).
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When corn was tasseling and cotton pre-squaring, more marked insects released at the
interface and subsequently recaptured were recaptured in corn than in cotton. At later
maturities, more marked insects released at the interface were recaptured in cotton. No
marked insects were found in corn during milk stage.

Mark-Capture Experiment
In 2008, in the Delta (two locations at Glendora, MS; data pooled), estimates of D
could not be made because at one location there was a barren/weedy area of 50 m width
between the corn and cotton fields and at the other there was a roadway of 15 m width
between two fields. In each case, the sprayed pairs of rows for the crops at the interface
were separated by the intervening non-crop areas. The numbers of marked insects
captured during sampling are presented in Table 3.3. Given that the habitat*phenological
stage interaction was significant (F = 9.98; 10, 36; P < 0.0001), a multiple comparison
procedure was applied for the whole experiment (Table 3.3). When corn was silking and
cotton squaring, the number of insects marked in cotton and captured in corn was
significantly lower than the number of insects marked in corn and captured in cotton.
When corn was in the milk stage and cotton in the first week of bloom, no insects were
captured in corn.
In 2009 in the Delta (Midnight, MS), estimates of D for the combinations of
habitat, and phenological stages were compared statistically. The habitat*phenological
stage interaction was significant (F = 6.61; df = 7, 30; P < 0.001), so a multiple
comparison procedure was applied on the overall experiment (Table 3.4).
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When corn was tasseling and cotton pre-squaring, the diffusion coefficients were
significantly lower for L. lineolaris marked and captured in the same crop compared to
the individuals marked in one crop and captured in another crop at the interface (t = 3.91; df = 12; P = 0.0021) (Table 3.4), indicating higher movement rates for the
individuals which have been exposed to more than one habitat. The diffusion coefficients
were also significantly lower for the L. lineolaris captured in corn compared to cotton (t =
5.59; df = 12; P < 0.0001) (Table 3.4). The diffusion estimate for L. lineolaris marked in
corn and captured in cotton was higher than the one for those marked in cotton and
captured in corn (Table 3.4).
When corn was silking and cotton was squaring, the observed diffusion rates were
significantly lower for L. lineolaris marked and captured in the same crop compared to
the individuals marked in one crop and captured in another crop at the interface (t = 4.07; df = 12; P = 0.0016). The diffusion coefficients were similar for the L. lineolaris
captured in corn compared to those captured in cotton (t = -0.75; df = 12; P < 0.4663)
(Table 3.4). There were also no differences in diffusion coefficients for L. lineolaris
captured in corn at the interface compared to the corn interior (t = -1.93; df = 12; P =
0.0778); however, diffusion estimates were significantly higher for L. lineolaris captured
in cotton at the interface compared to cotton in the interior (t = 2.9; df = 12; P = 0.0112).
When corn was in milk stage and cotton was in the first week of bloom, where calculated,
diffusion coefficients in each habitat were similar to corresponding diffusion coefficients
during the silking/squaring period (Table 3.4).
The numbers of marked insects captured during sampling are also presented in
Table 3.4. The habitat*phenological stage interaction was significant (F = 84.07; df = 10,
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36; P < 0.0001), so a multiple comparison procedure was used (Table 3.4). When corn
was tasseling and cotton was pre-squaring, the number of insects marked in cotton and
captured in corn was significantly higher than the number of insects marked in corn and
captured in cotton (Table 3.4). This relationship was reversed when corn was silking and
cotton squaring, as the number of insects marked in cotton and captured in corn was
significantly lower than the number of insects marked in corn and captured in cotton.
When corn was at milk stage and cotton was at first week of bloom, no insects were
captured in corn, but 66 insects marked in corn were captured in cotton.

Natural Population Density
In 2008, the natural population densities of L. lineolaris for several combinations of
site (Hills, Delta), habitat (corn interior, corn interface, cotton interface, cotton interior) and
phenological stage (silking/squaring, milk/1st wk bloom, dent/3rd wk bloom) were compared.
The habitat*site interaction was significant (F = 13.17; df = 3; 26; P < 0.0001) and the
habitat*crop phenological stage interaction was also significant (F = 5.90; df = 4, 26; P =
0.0023). However, the three way interaction of site*habitat*crop phenological stage was not
significant (F = 1.01; df = 4, 20; P = 0.6114). Consequently, a multiple comparison
procedure was applied on a table-wide basis (Table 3.5). When corn was silking and cotton
was squaring, natural L. lineolaris densities in the corn interior and corn interface in the
Delta were higher than corn interior and corn interface densities in the Hills, respectively
(Table 3.5). Lygus lineolaris densities in the cotton interior and cotton interface in the Delta
were similar to cotton interior and cotton interface densities in the Hills, respectively (Table
3.5). However, when corn was at milk and cotton at first week of bloom, natural L. lineolaris
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densities in the cotton interior and cotton interface in the Delta were lower compared to the
cotton interior and cotton interface in the Hills, respectively (Table 3.5).
In 2009, the habitat*site*crop phenological stage interaction was significant (F =
17.21; df = 6, 48; P < 0.0001), so a multiple comparison procedure was applied on a tablewide basis (Table 3.6). The Delta site had a higher L. lineolaris density for each habitat
compared to the Hills (Table 3.6). In both the Hills and the Delta, tasseling corn at the
interface had higher densities of L. lineolaris than tasseling corn in the interior. When corn
was silking and cotton squaring, the natural L. lineolaris densities in the corn interface was
similar to densities in the corn interior in both the Hills and Delta (Table 3.6).

Discussion
High levels of L. lineolaris damage have been frequently observed in cotton
bordering corn. In this study, natural L. lineolaris densities were often higher in cotton near
corn then in the interior of the same field (Tables 3.5 and 3.6). More released L. lineolaris
moved into squaring cotton than silking corn in 2008 and 2009 (Tables 3.1 and 3.2).
Similarly for mark-capture studies in 2008 and 2009, a high number of marked L. lineolaris
were found in squaring cotton compared to silking corn.
In 2009, we marked-released-recaptured L. lineolaris when corn was at tassel stage
and cotton pre-squaring, which was not done in 2008. Since diffusion estimates were lower
in tasseling corn than later stages and a greater proportion of marked insects were collected
in tasseling corn than at later stages, it seems that corn is more attractive to L. lineolaris
during tasseling even though both tasseling and silking corn are suitable to ovipositing L.
lineolaris (Abel and Snodgrass 2003). Similarly, diffusion coefficients were generally lower
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in squaring and blooming cotton compared to pre-squaring cotton, and more insects were
generally captured in reproductive stage cotton than pre-squaring cotton, suggesting that
cotton is more attractive to L. lineolaris during reproductive growth than during vegetative
growth. We observed no L. lineolaris in milk stage corn, indicating that movement out of
corn occurs before milk stage. Although silking corn is an excellent food source for
developing L. lineolaris (Abel and Snodgrass 2003), flowering cotton is a more attractive
host than silking corn, consistent with other observations that L. lineolaris prefers flowering
plants (Pack and Tugwell 1976, Snodgrass 1998). Moreover, L. lineolaris released could not
be found in the corn interior when corn was in the milk stage, so adults apparently moved a
long distance at this time to find a more desirable feeding site.
Although no data were collected on nymphs, we observed more nymphs near the
cotton interface than in the cotton interiors on several occasions. One explanation for this is
that L. lineolaris adults move out of corn after tasseling stage, lay eggs on cotton near the
interface, and then disperse further into the cotton field. Since nymphs have a strong
preference for fruiting structures within the cotton plants and nymphs cannot fly (Snodgrass
1998), high densities of nymphs cause damage to cotton near the corn - cotton interface.
Although the diffusion estimates for the Hills and Delta locations could not be compared
statistically because of the difference in the way insects were handled, the diffusion estimates
were usually higher for MRR in the Hills than for MC in the Delta. This may be because the
insects were handled in the lab and required to move to feed in the MRR experiment, but not
in the MC experiment. Regardless, the trends in diffusion coefficients between habitats with
changes in phenological developments in crops were similar for both experimental methods.
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A low cost protein marking technique has enabled us to estimate the movement of L.
lineolaris in cotton-corn interfaces. A similar study has been reported for L. hesperus in
alfalfa-cotton farmscape in Texas (Parajulee et al. 2007). Although that study did not
estimate diffusion coefficients, the research shows similar results of Lygus movement from
one crop to another. Lygus hesperus showed movement dynamics in both directions at the
interface of an alfalfa field next to a cotton field. A study done in Italy reported that Lygus
rugulipennis Poppius migrates onto peach trees when winter cereals are harvested and usual
host plants are lacking. Adult Lygus rugulipennis Poppius also migrated into fields from
other host plants such as alfalfa and clover, causing serious injuries to fruits (Tavella and
Pansa 2007). These studies indicate the adaptability of Lygus to a wide range of hosts and
their ability to move from one habitat to another, depending on habitat attractiveness. Hence,
movement of L. lineolaris will be affected by the farmscape, and crop phenology within the
farmscape is crucial to understanding and predicting L. lineolaris movement so that pest
management practices can be utilized most efficiently.
High insect densities due to crop to crop migration have been observed for other
hemipteran pests. In Georgia, reduced lint quality due to southern green stink bug damage
has been noted in the cotton-peanut farmscape (Tillman 2006, Tillman et al. 2009). A
management tool suggested for this farmscape was the use of sorghum as a trap crop since it
has been shown to be highly effective for southern green stink bug control in cotton (Tillman
2006). A similar approach has been suggested for control of L. hesperus in strawberries in
California using alfalfa as the trap crop (Swezey et al. 2007). A trap crop approach could also
be beneficial for L. lineolaris management in the Midsouth states, where insecticides remain
the primary means of control. Even without a trap crop, growers and consultants can
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minimize crop to crop movement by arranging their crops so that the amounts of interfaces
are minimized. This can be achieved by planting bigger fields or clustering similar crops
together.
Milk stage corn kernels are a good source of food for L. lineolaris (Abel and
Snodgrass 2003). However, in the field, corn kernels are not exposed and available for L.
lineolaris feeding, so milk stage corn is an unsuitable host for L. lineolaris. Corn is only a
suitable host for L. lineolaris from tasseling to silking. Typically during this period in
Mississippi, cotton begins to square and becomes a suitable host for L. lineolaris. If corn is
planted earlier, or cotton is planted later, then this corn to cotton migration will be disrupted,
which could reduce L. lineolaris densities. However, crop planting times are constrained by
environmental conditions and agronomic needs. Planting cotton late may reduce L. lineolaris,
but it may increase the problems from late season insects and cause problems with harvesting.
Further research is needed to evaluate the impacts of management strategies that could
minimize L. lineolaris movement within the farmscape.
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Table 3.1 Diffusion coefficient estimates, D (±SE m2/d) (number of marked insects
captured) for L. lineolaris adults in mark-release-recapture experiments at
various phenological stages in corn and cotton in the Hills, Caledonia and
Baldwyn, MS, 2008.
Habitat

Silking/Squaring

Dent/3rd wk Bloom

(0)

1

(0)

Interface into
Corn

22.2 ± 14.4 (7)

1

(0)

Interface into
Cotton

13.4 ± 6.5 (14)

22.5 ± 8.1 (33)

23.6 ± 7.9 (12) 3

9.0 ± 2.8 (28)

18.5 ± 4.8 (26)

82.5 ±156.0 (4) 3

Corn Interior

Cotton Interior

1

Milk/1st wk Bloom

1

2

1

(0)

Not able to estimate diffusion coefficients.
No marked L. lineolaris released.
3
The estimates based only on the insects recaptured 1 and 3 days after release due to
heavy rainfall before day six that likely removed the marker from the insects.
2
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6.6 ± 1.0 c

Cotton Interior
2.9 ± 0.3 d

2.4 ± 0.3 d

17.7 ± 3.4 a

16.7 ± 2.4 ab

Silking/
Squaring

3.1 ± 0.4 d

4.5 ± 0.7 cd

1

1

Milk/1st
Bloom

30.3 ± 3.4 e

57.6 ± 6.1 d2

89.0 ± 4.8 b2

67.3 ± 2.4 c

Tasseling/Presquare

63.3 ± 5.5 bcd

123.0 ± 5.4 a2

49.0 ± 3.5 d2

30.7 ± 3.0 e

Silking/
Squaring

63.3 ± 5.4 bcd

100.0 ± 3.6 a2

0.0 ± 0.0 f2

0.0 ± 0.0 f

Milk/1st Bloom

______N for Crop Stages in Corn/Cotton______

Multiple comparisons for D estimates are separate from number of marked insects recaptured (N).
Means (± SE) followed by the same letter are not significantly different according to REGWQ at P  0.05.
1
Not able to estimate diffusion coefficients
2
Ten 25-m rows of corn and cotton interiors were sampled, and five 25-m rows of corn and cotton interface were
sampled. The interface samples were multiplied by a factor of 2 to adjust for the sampling difference.

14.9 ± 3.5 b

10.1 ± 2.7 bc

Interface into Corn

Interface into
Cotton

7.2 ± 1.5 c

Tasseling/Presquare

D for Crop Stages in Corn/Cotton____

Corn Interior

Habitat

___

Table 3.2 Diffusion coefficient estimates, D (±SE m2/d) and number of marked insects recaptured per 3 days of sampling (N), for
L. lineolaris adults in mark-release-recapture experiments at various phenological stages of corn and cotton in the Hills,
Noxabee, MS, 2009.





Table 3.3 Number of marked insects (±SE) captured per sampling days for L. lineolaris
from mark-capture experiment in the Delta at Glendora, MS 2008; data
pooled.

Habitat
Crop Stages in Corn/Cotton
Mark
Sample
Silking/Squaring
Milk/ 1st wk
Dent/3rd wk
Location Location
Bloom
Bloom
Corn Interior1

1.7 ± 0.3 cd

0.0 ± 0.0 e

2

Corn

Corn3

2.0 ± 1.5 cd

0.0 ± 0.0 e

0.0 ± 0.0 e

Cotton

Corn4

0.5 ± 0.5 d

0.0 ± 0.0 e

0.0 ± 0.0 e

Corn

Cotton4

16.53 ± 1.4 a

10.7 ± 3.0 b

0.0 ± 0.0 e

Cotton

Cotton3

24.0 ± 2.3 a

9.3 ± 2.2 bc

10.7 ± 1.3 b

Cotton Interior1
10.33 ± 1.8 b
5.67 ± 1.7 c
2.67 ± 0.7 c
Means (±SE) followed by the same letter are not significantly different according to
REGWQ at P  0.05.
1
Eight 25- m rows sampled outside marked habitat.
2
Habitat not sampled.
3
Four 25- m rows sampled outside marked habitat, so sample values multiplied by 2 to
put on an equal basis with field interior values.
4
Five 25- m rows sampled outside marked habitat, so sample values multiplied by 1.6 to
put on an equal basis with field interior values.
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74

Cotton

Cotton
9.8 ± 2.4 b

9.6 ± 4.2 b

24.0 ± 6.4 a

0.3 ± 0.2 d

3.7 ± 1.0 c

7.4 ± 2.5 bc

9.8 ± 4.1 b

1.8 ± 1.0 c

2.4 ± 0.7 c

Silking/
Squaring
10.0 ± 1.02 b
12.5 ± 1.13 b
5.7 ± 0.44 c
1.4 ± 0.24 e
4.9 ± 0.43 d
4.9 ± 0.32 d

1

1

7.7 ± 3.15 bc
2.1 ± 0.85 c
0.2 ± 0.045 d

Tasseling/PreSquare

1

Milk/1st Bloom

4.6 ± 0.32 d

8 ± 0.73 c

8.5 ± 0.54 b

5.68 ± 0.64 c

2.4 ± 0.33 e

4.7 ± 0.32 d

Silking/ Squaring

3.3 ± 0.42 d

11 ± 1.03 b

17.6 ± 1.04 a

0.0 ± 0.04 f

0.0 ± 0.03 f

0.0 ± 0.02 f

Milk/1st Bloom

______N for Crop Stages in Corn/Cotton______

Multiple comparisons for D estimates are separate from number of marked insects recaptured (N).
Means (± SE) followed by the same letter are not significantly different according to REGWQ at P  0.05.
1
Not able to estimate diffusion coefficients
2
Eight 25- m rows sampled outside marked habitat.
3
Four 25- m rows sampled outside marked habitat, so sample values multiplied by 2 to put on an equal basis with field interior
values.
4
Five 25- m rows sampled outside marked habitat, so sample values multiplied by 1.6 to put on an equal basis with field interior
values.
5
D estimates are based only on the insects captured 1 and 3 days after the habitats were marked due to rainfall before day six
sampling.

Cotton Interior

Cotton

Corn

Corn

Cotton

6.9 ± 3.2 bc

5.8 ± 2.1 bc

Corn

Corn

Tasseling/PreSquare
3.7 ± 1.3 c

Sample
Location

______D for Crop Stages in Corn/Cotton____

Corn Interior

Mark
Location

Habitat

Table 3.4 Diffusion coefficient estimates, D (±SE m2/d) and number of marked insects captured per sampling day (N), for L.
lineolaris adults in mark-capture experiments at various phenological stages of corn and cotton in the Delta, Midnight,
MS, 2009.





Table 3.5 Mean (±SE) number of “wild” [unmarked (Hills) and marked + unmarked
(Delta)] L. lineolaris collected per day in the Hills and Delta, MS in 2008.

Habitat

Crop Stages in Corn/Cotton
Silking/
Milk/1st wk
Dent/3rd wk
Squaring
Bloom
Bloom

Corn Interior (Hills)2

06.0 ± 1.2 c

0.0 ± 0.0 e

1

Corn Interface (Hills)3

17.0 ± 2.1 c

0.0 ± 0.0 e

0.0 ± 0.0 e

Cotton Interface(Hills)3

28.4 ± 5.9 bc

52.0 ± 5.8 a

36.0 ± 2.2 b

Cotton Interior (Hills) 2

32.8 ± 3.2 b

36.0 ± 2.0 b

20.0 ± 5.0 c

Corn Interior (Delta) 2

10.7 ± 1.3 d

0.0 ± 0.0 e

1

Corn Interface (Delta)3

34.5 ± 4.2 b

0.0 ± 0.0 e

0.0 ± 0.0 e

Cotton Interface (Delta)3

26.0 ± 5.3 bc

31.7 ± 9.3 b

16.7 ± 2.8 c

Cotton Interior (Delta)2

22.0 ± 6.8 bc

15.2 ± 3.2 c

15.3 ± 2.1 c

Means (± SE) followed by the same letter are not significantly different according to
REGWQ at P  0.05.
1
Habitat not sampled
2
Ten 25- m rows sampled
3
Five 25- m rows sampled so sample values multiplied by 2 to put an equal basis with
field interior data.
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Table 3.6 Mean (±SE) number of “wild” [unmarked (Hills) and marked + unmarked
(Delta)] L. lineolaris collected per day in the Hills and Delta, MS in 2009.

Habitat

Crop Stages in Corn/Cotton
Tasseling/PreSilking/Square
Milk/1st Bloom
Square

Corn Interior (Hills)1

14.4 ± 1.5 f

7.8 ± 1.2 g

0.0 ± 0.0 h

Corn Interface (Hills) 2

35.5 ± 2.9 cd

12.4 ± 1.6 fg

0.0 ± 0.0 h

Cotton Interface(Hills) 2

21.3 ± 2.6 ef

25.3 ± 2.2 e

33.7 ± 1.3 d

Cotton Interior (Hills)1

14.1 ± 2.2 f

14.0 ± 1.6 f

19.5 ± 0.7 e

Corn Interior (Delta)1

38.1 ± 2.1 c

30.8 ± 2.2 cd

0.0 ± 0.0 h

Corn Interface (Delta) 2

84.9 ± 4.7 a

44.7 ± 3.5 bc

0.0 ± 0.0 h

Cotton Interface (Delta) 2

44.7 ± 2.7 bc

51.8 ± 3.6 b

54.3 ± 2.7 b

Cotton Interior (Delta)1

35.7 ± 1.2 c

40.0 ± 1.5 c

36.2 ± 3.1 c

Means (± SE) followed by the same letter are not significantly different according to
REGWQ at P  0.05.
1
Ten 25- m rows sampled
2
Five 25- m rows sampled so sample data multiplied by 2 to put an equal basis with
field interior data
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Figure 3.1 A schematic diagram showing a insect release line and the 25-m sample units
at various distances from the release line for each collection day. The same
sampling distances were used for releases within corn, releases within cotton,
and for the releases at corn/cotton interface.
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Figure 3.2 A schematic diagram showing the marker sprayed rows and the 25 m sample
units at various distances for each collection day from the middle of the
sprayed rows in the same habitat. In the corn/cotton interiors, only 2 rows
were sprayed with egg marker and similar to this design, insects were
sampled 2.5 m, 5.5 m, 10.5 m, and 16 m away from the middle of sprayed
rows in both directions.
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CHAPTER IV
SUMMARY

The immunomarking technique as used in these studies is best suited for a study
period of less than a week during summer conditions in midsouth United States. It may
be useful for longer periods in climates with less heat or ultraviolet radiation. It is nontoxic so it can be used in any habitat. However, this technique is not suitable under
frequent rainfall conditions. The addition of sorbitol to egg albumin provides little
protection to egg albumin against rain, but it helps insects become marked more quickly
and enables detection of marked insects for a few more days than egg albumin alone in
the absence of rain.
A comprehensive pest management program involving cultural, biological, and
chemical controls is needed to manage tarnished plant bug in cotton. Corn in an
important host of tarnished plant bug before cotton is attractive to tarnished plant bugs.
Movement from corn to cotton primarily occurs between green silk and milk stages. This
frequently coincides with cotton beginning to produce squares, so as corn get less
attractive to tarnished plant bug, cotton becomes more attractive. The result is increased
tarnished plant densities in cotton near corn interfaces. Management options could
include a trap crop or simply adjusting crop arrangements in the landscape to minimize
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corn-cotton interfaces. If corn is planted next to cotton, then scout cotton, based not only
on the growth stage of cotton but also on the growth stage of adjacent corn. Tasseling
corn could be sampled for tarnished plant bug to estimate the likelihood of a L. lineolaris
migration later into cotton.
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